Abstract. The detection efficiency of a channel-plate detector is mainly determined by the open area ratio of its input face. which is typically 60%-70%. It is known that the efficiency can be enhanced by applying an electric field normal to the channel-plate surface, such that secondary electrons generated when ions strike the channel-plate surface are returned to the detector. This paper characterises the enhancement observed in channel-plate detectors for atom probe and 3-dimensional atom probe applications. In a double channel-plate detector, it was found that improvement in efficiency was approximately 30% as compared to the situation where all secondary events are lost. The secondary electron events are found to have a broader pulse height distribution, with a mean which is a factor of three lower than that of the primary ion events. Using the variation of efficiency with grid voltage, the maximum secondary electron energy was estimated to be IOeV. This value was used to calculate the loss in time and spatial resolution which would result from the detection of secondary electrons. These effects are shown to be acceptably small within a 3-dimensional atom probe detector design, for a wide range of bias voltages. Previous work has suggested that the efficiency gain from a biassed grid drops off at grid fields in the range 25-100V/mm. This effect is shown to have been generated by field fringing effects.
INTRODUCTION
Most atom probe instruments use micro-channelplates (MCPs) [l] as the amplification device in their single ion sensitivity detectors, Since the size of features studied with an atom probe is in the order of a few nanometers, very few atoms are available for analysis. It is therefore crucial that detection efficiency is maximised, in order to improve the statistical precision of composition measurements.
The front face of an MCP detector consists of a hexagonal array of open channels, occupying typically 60%-70% of the surface area. Under normal circumstances, it is assumed that only the ions entering the channels will generate an event, and therefore approximately 30% -40% of the ions are lost from the analysis. However, ions striking the front face of the channelplate (usually coated with chromium or nickel-chromium) can also generate small numbers of secondary electrons. The efficiency of a channel plate can therefore be enhanced by applying an electric field normal to the MCP input surface, such as to force at least some of these secondary electrons to enter one of the channels [2-S] . This is usually achieved by placing a negatively-biassed high-transmission grid a small distance in front of the front face of the MCP. Although there is a small loss in transmission because of the presence of the grid, the recovery of the secondary electrons generated when ions strike the interchannel web leads to an overall improvement in the detection efficiency. Panitz and Foesch suggested that it was sufficient to positively bias the front face of the detector with respect to its surroundings by about 24V [2] . However, in their electrostatic modelling and electron trajectory calculations, they imposed a condition of an earthed equipotential at a very small distance (approximately 5 0~m ) above the front surface, which is equivalent to having a grid at this location. In order to quantify the improvement in detection efficiency which is obtained when using a biassed grid in an atom probe detector, Deconihout et al. designed a detector which is only half covered by the grid, and which has separate anodes so that the detection rate from the two halves of the detector can be compared directly [4] . They observed an increase in the detection efficiency for grid bias voltages below SOV, up to a maximum (assuming an open area ratio of 60%) of almost 90%. However at larger grid bias, the efficiency was reduced so that for a bias of 200V (100Vfrnm field) the detection efficiency was only just over 70%.
Events resulting from the detection of a secondary electron will differ in many respects from those generated by a primary ion. Detection efficiencies for low energy electrons are in general much lower than for high energy ions, so the extent of the improvement in efficiencies obtained using a biassed grid is likely to depend on the saturation of the MCP. The secondary electron will be detected at a different place on the detector to the incident ion, and at some later time. In the context of a three-dimensional atom probe (3DAP) detector, these time and position differences must be small if they are not to lead to losses in mass and spatial resolution of the instrument.
EFFICIENCY CHARACTERISATION
A grid was incorporated into the detector of the Oxford optical position-sensitive atom probe (OPoSAP) in order to increase the overall detection efficiency of the instrument. The detector consists of a double channel plate assembly, mounted in a chevron configuration, and a P47 phosphor screen. Individual channel plates (Phillips G12-100x100-DT) are lOOmm X lOOrnm X lmm with 12pm channels (80: 1 lengthto-diameter ratio, 8" bias) and nichrome coated. The active area of the detector is 90mm X 90mm. A 98% transparent nickel grid with a pitch of 2rnrn and a wire thickness of 2 0 p is mounted 2.5mn-1 in front of the input face to the channel plates. Figure 1 shows the pulse height distributions (PHD) for the detector system with lOkeV incident Ne' ions, when the grid was biassed at either +200V or -200V and the detector voltage was set to 1100V per plate. The detection rate in this experiment was 2500-3500 cps, so that the detector was operating in the 'single pulse' mode. Charge measurement were made using an arrangement identical to a single channel of the positioning electronics in the position-sensitive atom probe (PoSAP) [6] . With a positive bias to the grid, the secondary electrons generated when ions strike the interchannel web were drawn away from the MCP, resulting in a PHD due solely to single ion events. This displays the typical form for a detector of this type, with a saturation of 75% full-width at half-maximum (FWHM). Biassing the grid negatively causes a broadening of the PHD towards low charges, due to the detection of secondary electrons. This clearly shows that the gain of the channel plates for the low energy secondary electrons is significantly less that for the primary ions. By subtracting the distribution due to ion events alone (suitably normalised), the PHD for the secondary electrons can be determined.
The modal charge of the secondary electron PHD is approximately one third that for the primary ion events, and is similar to the value for distributions generated by detection of single UV photons. However the long tail at high charges observed here for secondary electrons is uncharacteristic, and is probably due to the detection of multiple secondary electrons following a single ion impact on the front face of the MCP. From measurements of secondary electron yield resulting from ion impacts at different energies [7] , a single lOkeV Ne2+ ion may generate 6-7 electrons. Even with the 60% open area ratio of the detector and the poor detection efficiency to low energy electrons, a reasonable fraction of ions generate multiple secondary electron events The lower gain of the channel plates to the secondary electrons means that the extent to which these electrons are detected depends critically on threshold setting of the discriminator used in the detection system. To maximise the gain in detection efficiency, the threshold must be set lower than would normally be the case for detecting ions alone. However this will depend on the exact design of the detector. In the curved-channel MCP used by Deconihout et al., the PHDs broadened toward higher charges when secondary electrons were detected as well as ions [4J. Gain for single electrons was obviously higher in Charge (pc) this case, as was the saturation, and the detection of multiple secondary electrons from a single ion impact would generate a distribution biassed towards high charges. The detection efficiency was characterised as a function of grid voltage by measuring the count rate as a function of grid-voltage, for events originating from a stable source of field ionised gas ions. For this purpose a tungsten specimen was imaged in neon at a temperature of 80K and a voltage of 10 kV. This was found to produce a stable and uniform flux of ions onto the detector. In order to maximise the number of secondary electrons which were recovered, the threshold used for this experiment was set at a low level, equivalent to 0.3 pc, which led to an increase in the backgound noise level to a rate of approximately 100 cps. Taking this noise level into account, the primary ion rate of 1840cps is increased to a detection rate of 2290 cps by the biassing of the grid. If the open area ratio of the detector is taken to be 65%, then the use of a biassed grid has increased this detection efficiency to 81%, which is a significant improvement. This is less then the maximum detection efficiency quoted by Deconihout et al. [4] , though similar to that seen by Funsten et al. [5] . Again, the higher saturation achieved by the curved-channel MCPs allows more of the secondary electrons to be detected, leading to a higher overall efficiency. 
EFFECT ON TIMING AND SPATIAL RESOLUTION
We can use the measurement of the effect of grid bias on detection efficiency to make an estimate of the energies of the secondary electrons generated by the impact of the ion on the front face of the MCP. Most of the improvement in detection efficiency is achieved with a bias of only -2V, and almost no further improvement is seen after -5V. In general, energy distributions of secondary electrons from impacts of 5-15 keV ions show a peak at 2 eV with a tail extending up to 10 eV or more [7] . Measurements of the angular dependence of secondary electron yield show a cos8 variation at these energies, where 8 is the emission angle of the electron with respect to the surface normal [S] . Taking phase space considerations into account, the probability of electron emission varies as sin28, which has a peak at 6=4S0. Thus, the retarding potential required to stop secondary electrons is about half the secondary electron energy, which agrees well with our observations. The timing resolution obtained using the biassed grid may be affected by the time taken for the secondary electrons to return to the input face of the MCP. Given a field between MCP and grid of F=VId, an electron emitted from the front face with energy E at an angle of 45" will take a time t to return to the surface, given by: eF \ m eV The worst degradation in timing resolution will occur for low grid bias and high electron energies, as might be expected. In the case of E=10 eV and V=10 V, t=3 ns and so will contribute to a degradation in the time resolution of the detector. For V=200 V, t=150 ps and the effect of this travel time will be less than the time resolution of the electronics. However, since 10 eV represents the tail end of the energy distribution, the effect is not likely to be visible in a typical atom probe system, even for low grid voltages. A comparison of mass spectra observed from the OPoSAP detector for a variety of grid bias voltages is shown in Figure 3 . In all three cases, the input to the detector was held at -50V to avoid detection of secondary electrons from ion impacts on the walls of the vacuum chamber. There is no significant difference in the mass resolution, as measured from the width of the ~1~' peak, which is dominated by a timing resolution of approximately 2ns. One clear difference, however, is the minor peak which precedes the main peak, which is present for negative grid bias but disappears when the grid is biassed positively with respect to the MCP input. This peak is obviously due to secondary electrons generated when ions strike the nickel grid itself. Since the grid is 2.5 mm in front of the detector, and even low energy electrons travel at very high speeds compared to ions, the flight time detected from these events is 0.4% below those of ions striking the detector, leading to a peak 0 . 2 3~ below the ~1~' peak.
A similar calculation can be performed to see how far a secondary electron might travel from the point of primary ion impact to the point of detection. The greatest distance will be traversed by electrons emitted at 45" to the channel plate surface. In time t, an electron would travel a distance x parallel to the channel plate surface, given by K c:;
.Jz eV Again using E=lOeV, V=lOV and d=2.5mm, the distance travelled by the secondary electron would be Smm, which would lead to a very significant degradation of the spatial resolution. Increasing the grid voltage to 200V reduces the travel distance to 0.25mm. Since lOeV represents the maximum secondary electron energy, the actual spatial resolution will be somewhat better than this figure. The OPoSAP has a spatial resolution of approximately 0.25mm, and no degradation has been observed with grid bias as low as 15V. A more detailed analysis of the trajectory of photoelectrons has been performed by Taylor et al. [9] , who considered the effect on detector resolution in a UV imaging system, and their results were similar to those given here. Mass-to charge The grid potentials given in each case are quoted with respect to the front face of the MCP, which was set to -50V.
.

DISCUSSION
It is interesting to note that the results of Deconihout et al. on the variation of efficiency with grid voltage [4] differ from those reported here and by Funsten et al. [5] in two respects: the voltage required to achieve maximum eficiency and the efficiency decrease at high voltages. Deconihout et al. required 50V before reaching peak efficiency, whereas we find a voltage of 5V is sufficient, and Funsten et al. suggest an even lower voltage. Deconihout et al. used a negative bias on the front face of the MCP, so that the anodes in the detector were at ground potential. The negative bias generated a standing field with respect to the earthed surroundings, and a significant grid bias was required before this field was overcome and a net positive field existed at the channel plate surface. Results of electrostatic modelling given in Figure 4 shows Raising the grid bias even further leads to field spillage from the space between the grid support and that of the MCP (Figure 4d ), such that a region of positive field exists over the MCP surface which is not covered by the grid. Within this region, secondary electrons will be returned to the MCP surface and may be detected, just as they are below the grid. Deconihout et al. used the ratio of detection rates in the two regions to calculate detection efficiency, assuming the efficiency for the uncovered area was equal to 60%. Thus an increase of detection efficiency within this 'control' region of the detector, due to fringing fields, would make it appear as if the detection efficiency in the region under the grid had decreased. An exact calculation of the effect would require a full 3-dimensional field calculation, but Figure 5 shows the results of an approximate calculation, using the 2-dimensional electrostatic modelling used here. It has been assumed that secondary electrons will be recovered wherever the surface field on the MCP is greater than 1 Vlmm, yielding an efficiency of 90%. Where the field is negative, the detection efficiency is assumed to equal the open area ratio of 60%. Obviously the field will vary across the surface of the MCP covered by the grid, because of field spillage through the holes in the grid, but for the purposes of the calculation an average local field is used. Despite the simplicity of the calculations, the results follow the same general trend as the measurements of Deconihout et al., particularly in the rate of fall-off of detection efficiency with higher grid bias. Grid bias (volts)
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Taylor et al. [9] observed a drop off in the detection efficiency for incident photons at large grid bias, when the photoelectrons generated from the interchannel web failed to reach the nearest channel, and are returned instead to the web. However, this effect was only appreciable for larger applied fields than are applied here (up 1000V/mm), or for lower energy photoelectrons. Given the results of our electrostatic modelling, and calculations of the distance travelled by the secondary electrons (above) the decrease in detection efficiency observed by Deconihout et al. appears to be due instead to field fringing effects. This is confirmed by comparing pulse height distributions from the area of the channel plate under the grid, and the uncovered area, as shown in Figure 6 . Charge distributions from the area under the grid (Figure 6a) show a broadening for low applied grid bias [2] , due to the detection of secondary electrons. At higher fields, the distribution remains constant, whereas it would be expected to become narrower if the secondary electrons were no longer being detected. Conversely, the distributions from the uncovered area start to broaden at high fields, Figure 6 
